Abstract Post-transplant lymphoproliferative disease (PTLD) is the most frequent malignant complication of transplantation in childhood. Even with modern post-transplant immunosuppressive strategies, 1-2 % of all kidney transplant recipients will develop PTLD within the first 5 years after transplantation, and the risk remains high even thereafter as long as immunosuppression is required. In addition to PTLD, adult kidney transplant recipients have an increased incidence of other immunosuppression-related malignancies, such as nonmelanoma skin cancer or Kaposi's sarcoma. It is foreseeable that pediatric transplant recipients will face similar complications during their adult life. Not only immunosuppression but also other risk factors have been identified for some of these malignancies. Strategies addressing these risk factors during childhood may contribute to life-long cancer prevention. Furthermore, early recognition and regular screening may facilitate early diagnosis and treatment, thereby reducing transplant-related morbidity. In this review we focus on malignant complications after renal transplantation and discuss known risk factors. We also review current screening strategies for malignancies during post-transplant follow-up.
the general population, with incidences beginning to rise early after KTx and continuing to increase with both age and time after transplantation [3] . Therefore, cancer is likely to significantly contribute to morbidity in long-term survivors of KTx, making prevention and early diagnosis of cancer a pivotal issue during long-term follow-up.
Cancer after pediatric solid organ transplantation
Today, approximately 11 % of all deaths after pediatric KTx are related to cancer [1] . With improved graft survival and overall survival, this proportion is likely to rise. Moreover, pediatric solid organ transplantation (SOT) recipients are at increased chance to reach an age at which "adult" types of cancer become relevant. Therefore, the spectrum of cancers observed in former pediatric SOT recipients will change with their age, and important conclusions regarding the potential for cancer in pediatric SOT recipients may be drawn from studies including large proportions of adult patients. During childhood and adolescence, the vast majority of cancers after transplantation are post-transplant lymphoproliferative diseases (PTLD) [4] , while pediatric SOT recipients who have reached adulthood will be at high risk for other-mainly epithelium-derived-cancers in their adult life.
In this review we summarize the current knowledge on malignant diseases after pediatric KTx and discuss the implications of reports on cancer after SOT in adults.
Population-based approaches towards cancer risk after SOT
Various studies have recently focused on elucidating the cancer risk after SOT. In general, these studies used populationbased approaches, linking local transplant registries to cancer registries and subsequently analyzing post-transplant cancer incidences for more than 250,000 SOT recipients [3] [4] [5] [6] [7] . The results of these studies demonstrate an approximately twofold higher overall cancer risk in SOT recipients compared to the general population. This excess risk was not homogenous among all cancer types and found to be especially high in cancers with an infection-related pathogenesis, such as PTLD, Kaposi's sarcoma (KS), liver cancer, and human papilloma virus (HPV)-related epithelial cancers (cancer of cervix uteri, anal, vaginal or penile cancers). Helicobacter pylori-associated gastric cancer was also found to be more frequent in transplanted individuals than in the general population.
Among cancers with no or uncertain viral association, the incidences of skin and lip cancers were most prominently elevated, with transplant recipients having a greater than a tenfold increased risk [3, [5] [6] [7] [8] [9] [10] . The risk for kidney and lung cancer was also elevated after SOT. Although the increased risk was most notable after transplantation of the corresponding organ, an increased risk for both cancer types was seen in all types of SOT [3] .
Cancer related to infectious pathogens
Post-transplant lymphoproliferative disease Post-transplant lymphoproliferative disease is the most frequent early (i.e. within 10 years after transplantation) malignant complication after pediatric KTx [1, 3, 7] . Its 5-year incidence is 1-2 %, which is lower than the incidences in other SOT types. For example, pediatric lung or small bowel transplant recipients have a risk of developing PTLD within the first 5 years after transplantation of up to 15 % [11] [12] [13] .
PTLD incidence has a bimodal distribution in pediatric SOT recipients. The first peak is within the first year after transplantation ("early PTLD") and the second is within the third year [14] .
Pathophysiology
Infection with Epstein-Barr virus (EBV) plays a major role in the development of PTLD. EBV infects B cells and subsequently induces these cells to undergo malignant transformation. In immune competent individuals, primary infection with EBV induces strong T cell responses, which prevent the outgrowth of malignant clones [15] . This response is impaired by transplantassociated immunosuppression, hereby predisposing patients to EBV-related malignancies. However, EBV infection alone is not sufficient to induce PTLD [16] , and other factors have been discussed. To date, however, no definite role for these other factors in lymphomagenesis has been identified.
Risk factors of PTLD development
Epstein-Barr virus and to a lesser extent cytomegalovirus (CMV) serostatus at transplantation are major risk factors for PTLD. EBV-seronegative patients have a fourfold increased risk of developing PTLD compared to EBV-seropositive recipients. CMV seronegativity increases the PTLD risk by a factor of two, presumably due to crossreactivity of the antibodies. However, this effect is less consistent between studies [17] [18] [19] . Furthermore, age at transplantation is correlated with the incidence of PTLD: children are usually considered to be at higher risk than adolescents [17, 20, 21] , which may be attributed to EBV serostatus at transplantation. In a large pediatric cohort, complete HLA-DR mismatch between graft and recipient was significantly associated with more frequent PTLD development [22] .
While the impact of immunosuppression on PTLD pathogenesis is unquestioned, the role of individual drugs is difficult to determine. Most data are derived from retrospective studies in adult SOT recipients. Some of these suggest a slightly increased risk for PTLD in patients who receive immunosuppressive maintenance with tacrolimus compared to cyclosporine A (CSA), while others do not find a difference [18, 20, 23] . Inclusion of mycophenolate mofetil (MMF) in a calcineurin inhibitor-based regimen does not increase the risk of PTLD [24] [25] [26] . Belatacept increased PTLD incidence in several phase II/III trials in adult KTx [27] .
Induction therapy with the anti-T cell antibodies thymoglobulin and OKT3 was associated with an increased risk of PTLD [20, [28] [29] [30] . As a result, OKT3 has been removed from current protocols in KTx and thymoglobulin is usually used in lower doses than previously. Other monocolonal antibodies used for tolerance induction, such as anti-interleukin (IL)-2 receptor antibodies (e.g. basiliximab) or alemtuzumab, do not seem to have this association [31, 32] .
Histology/classification
Every lymphoid malignancy arising after transplantation is usually classified as "PTLD". The 2008 World Health Organization classification for lymphoid malignancies [33] separates PTLD into four major categories: early lesions, polymorphic PTLD, monomorphic PTLD and Hodgkin PTLD.
Early lesions and polymorphic PTLD are polyclonal lymphoproliferations that do not resemble the histology of classical malignant lymphoma, but they may show similar biological characteristics. The histology of monomorphic PTLD resembles that of classical malignant lymphoma. Most monomorphic PTLD are of B cell origin, with diffuse large B cell lymphoma (DLBCL) being the most frequent subtype in children (Fig. 1a) . Classical Hodgkin PTLD and T cell non-Hodgkin's lymphoma (T-NHL) are rare PTLD subtypes.
Treatment
Reduction of immunosuppressive drugs (RI) may partly restore immune responses and hereby induce complete remission in up to 50 % of the patients [34] . Although balancing immune reconstitution versus the risk of graft rejection is challenging, current guidelines recommend RI as first-line therapy wherever possible [35] . Furthermore, a change in the immunosuppressive regimen towards an mTOR-based regimen may be considered due to the drug's suspected antitumor activity.
If RI is deemed impossible or insufficient, further therapy is required. The monoclonal anti-CD20 antibody rituximab is used routinely for all CD20-positive PTLD with very promising results, either in combination with cytotoxic chemotherapy [36] or used as monotherapy (unpublished results of the German Ped-PTLD 2005 Pilot trial, BMK). Patients refractory to rituximab in combination with mild chemotherapy, patients with central nervous system involvement or patients with rare PTLD subtypes, such as T-NHL or Hodgkin's disease, require individualized treatment.
Detection of EBV gene products in the majority of pediatric PTLD provides an attractive target for anti-tumor immunotherapy. EBV-specific T cells can be manufactured from autologous or third-party donors, an approach that is currently being evaluated in several clinical trials (for a recent review see Bollard et al [37] ).
Prognosis
In a recent prospective study for pediatric PTLD, 2-year overall survival was 83 % [36] , while in retrospective series of unselected patients 2-year overall survival was around 70 % [38, 39] . A more detailed summary of published prognostic factors is compiled in Table 1 . [40] . About 60 % of PTSMT manifest in kidney transplant patients, approximately 40 % of whom are children, and the tumor occurs significantly earlier in juvenile patients. In general, PTSMT are late complications (median 4 years after transplantation) and are usually slow growing, leiomyoma-like extrauterine tumors that are presumably derived from a myogenous venous wall. A representative example is depicted in Fig. 1b . PTSMT often arise in the donor or recipient liver, the gastrointestinal tract or lungs (usually recipient lungs) and usually spare the uterus/ genitourinary tract. Little is known about the pathophysiology and associated risk factors [40] . However, retrospective data analyses have shown that cerebral tumors are an adverse prognostic factor but not sarcoma-like histology [40] .
Treatment
Reduction of immunosuppression and complete surgical resection are the standard treatment options for PTSMT, while chemotherapy has only been used occasionally [40] . The value of chemotherapy or radiation therapy in unresectable tumors has not been validated; however, in one of the author's experience, post-surgery radiation has been used successfully in a patient with intracranial PTSMT (BMK et al., unpublished results).
Squamous cell carcinoma and basal cell carcinoma Non-melanoma skin cancer is the most frequently occurring type of cancer in adult long-term survivors of SOT, with squamous cell carcinoma (SCC) and basal cell carcinoma (BCC) representing the predominant histological entities [41] . The incidence of non-melanoma skin cancer approaches 15 % at 15 years post-transplantation [42] . In pediatric SOT patients, few skin cancers arise during childhood and adolescence, but incidences do increase during adulthood [43, 44] .
Risk factors
The frequencies of both SCC and BCC increase with age, length of post-transplant follow-up and sunlight exposure. Patients with a fair skin and those from northern countries are especially at an elevated risk [41] . Human papilloma virus (HPV) DNA is frequently detected in SCC specimens of SOT patients. This and the finding that the occurrence of warts after transplantation doubles the risk for SCC [45] has led to the assumption that HPV is involved in the pathogenesis of SCC [46] . However, this hypothesis remains controversial.
Inherited diseases predisposing to cancer (e.g. Fanconi anemia) also play a role in skin cancer pathogenesis in affected individuals [44] .
Treatment
Both BCC and SCC are usually treated by surgery or-in early phases-by cryotherapy alone. Radiotherapy or chemotherapy is only used in patients with advanced disease [47] . Reduction of immunosuppression [47] and a change towards an mTOR-inhibitor (mTOR-I) may be considered to prevent disease recurrence [48] .
Prognosis
Although the majority of patients can be cured from a single lesion, the risk of secondary lesions is high even after complete resection. Multiple lesions are associated with a poor prognosis [47] .
Kaposi's sarcoma Post-transplant Kaposi's sarcoma (PT-KS) is a rare entity in northern countries [3] , but this disease entity shows high regional variability [49] with much higher incidence rates in the Mediterranean region. In Italy, the incidence rates of PT-KS may even exceed the rate of PTLD [50] . Reports on PT-KS are rare in pediatric SOT recipients.
Pathophysiology
Kaposi's sarcoma-associated herpes virus [KSHV; human herpes virus-8 (HHV-8)] is causative of KS. KSHV is transmitted via infectious saliva, blood and sexual contact. While in low prevalence areas sexual activity is the most frequent transmission route, in high prevalence areas KSHV is often transmitted by non-sexual contact during childhood [49] .
Kaposi's sarcoma usually arises in immunocompromised patients, classically those with human immunodeficiency virus (HIV)-related acquired immunodeficiency syndrome (AIDS). Its incidence in the post-transplant population has been found to be elevated by approximately 60-fold compared to the general population, independent of the study [3, 50] .
Treatment
Similar to PTLD, reduction of immunosuppression should be initiated upon diagnosis of PT-KS if possible. Change of immunosuppression towards an mTOR-I-based regimen seems to be even more beneficial than in PTLD. In localized stages, surgical therapy alone may be sufficient to cure PT-KS, while in advanced stages, systemic chemotherapy may be required. Radiotherapy carries a high risk of complications and its use has been discouraged [51] .
Prognosis
Data on prognosis for PT-KS is scarce. Outcome depends on tumor stage and is often poor in advanced disease, while localized disease can be treated efficiently [51] .
Anogenital carcinoma
Human papilloma virus infection has been linked to the pathogenesis of anogenital cancers, which include anal cancer, vulvar cancer, penile cancer and cervical cancer [52, 53] . While incidences of anal, vulvar and penile cancer have been found to be elevated after SOT [3] , the risk for cervical cancer was found not to have increased among U.S. SOT recipients, possibly reflecting effective screening and treatment of precancerous lesions [3] .
In total, the overall incidences of anogenital carcinoma after SOT are low, falling behind those of KS [3] .
Liver cancer
Although liver cancer risk is elevated among SOT recipients, the increased incidence is largely restricted to liver transplant (LTx) recipients. The latter have an approximately 45-fold increased risk of liver cancer compared to the general population [3] , while the risk is only marginally increased in KTx recipients [3, 6] . Since LTx is a well-established therapy for liver cancer, the high incidence of this type of cancer after LTx may in part be due to relapse. However, the risk of liver cancer remains slightly elevated even in the long term, possibly due to a contribution of hepatitis B virus (HBV) and hepatitis C virus (HCV) [3] .
Gastric cancer
The distribution of gastric cancer shows large regional differences that are not restricted to the SOT recipient population. While gastric cancer is rather rare in most Western countries, incidences are much higher among residents of Japan and Korea [3, 54] . A three-to eight-fold increase in gastric cancer risk has been reported for KTx recipients in a single center in Korea [54] . In some transplant patients, gastric cancer can be associated with EBV [55] .
Cancer not associated with viral pathogens

Kidney cancer
The incidence of de novo kidney cancer is highly increased after KTx, and the majority of cases occur in the native kidney, sparing the transplanted graft [56] . The excess risk is especially high in young patients (i.e. >15-fold elevated compared to the general population [3] ). Overall incidences rise with age (from 28 cases/100,000 patient-years in patients transplanted before the age of 34 years, to 407 cases/100,000 patient-years in patients transplanted after their 50th birthday) [3] . The overall incidence in pediatric KTx recipients is 0.6 % in large retrospective studies [4, [57] [58] [59] .
Histology/classification
In many studies, all subtypes of primary kidney neoplasia are summarized as "kidney cancer", which is why this is summarized as one entity in this review. The vast majority of "kidney cancer" cases are renal cell carcinomas (RCC) [60] . All cases of "kidney cancer" in pediatric KTx patients reported to date have been RCC [4, 58] .
Risk factors
Risk factors for RCC are less extensively studied than those for PTLD. To the authors' best knowledge, data specifically limited to pediatric patients are not available. In adult patients, one of the main risk factors for RCC is chronic kidney disease. Acquired renal cystic disease and a long time on dialysis have been linked to RCC after KTx [59, 61, 62] . Interestingly, the incidences of RCC do not differ significantly between patients on dialysis and patients after KTx, leading to the conclusion that the increased risk is due to chronic renal disease rather than transplantation [10, 63] .
Therapy and prognosis
Because most RCC after KTx are limited and asymptomatic at diagnosis, high remission rates are obtained with surgery alone (explantation of the affected kidney or nephronsparing partial kidney resection) [56] . Chemotherapy, immunotherapy and alteration of the immunosuppressive therapy have been discussed, but reports on clinical effectiveness are only anecdotal [56] .
Lung cancer
Lung cancer is the second most frequent cancer type in the U.S. general population (following only prostate cancer in men and breast cancer in women). Its slightly elevated risk among KTx recipients therefore accounts for a relevant number of additional patients (115.3 observed vs. 79 expected cases/100,000 patient-years [3] ). The reason for this increase is not well studied, but there are hints supporting a permissive role of immunosuppressive medications also in lung cancer pathogenesis.
Lung cancer is, however, a disease of the elderly SOT patient. Incidences are very low before the age of 50 years, but risk increases significantly thereafter [3] .
Role of pre-existing cancer
In the host
In some cases, malignancy after renal transplantation may arise due to relapse of a pre-existing malignant disease in the host or in the donor.
Patients with Wilm's tumor (nephroblastoma) may develop end-stage renal disease following nephrectomy and/or nephrotoxic chemotherapy. To prevent tumor recurrence after potential KTx, an interval of 2 years between the end of treatment and transplantation has been suggested [64] . Although there is some evidence that transplantation even before these 2 years may be safe [65] , this is not yet widely accepted [66] . Special attention should be paid to patients with WT-1 mutations (Denys-Drash syndrome) or Frasier syndrome, since carriers of these mutations are at increased risk to develop renal insufficiency as well as nephroblastoma and gonadal tumors [67, 68] .
Treatment-related end-stage renal disease has been reported after both autologous and allogeneic stem cell transplantation [69] . These patients usually suffer from other severe and complex late complications of their previous treatment and require constant multidisciplinary attention. The cancer risk in these patients (both disease recurrence and secondary malignancy) is probably highly elevated, but quantitative risk estimation is difficult due to very low patient numbers. In rare cases, patients transplanted for cancer-predisposition syndromes (e.g. Fanconi's anemia, Nijmegen breakage syndrome) are at increased risk to develop cancers associated with their underlying disease.
In the donor
Transmission of donor carcinoma is a very rare event [70] , and strict preventive measures are undertaken to prevent this. One of these is the exclusion of donors with small solid masses in renal grafts. However, transplantation of kidneys with incidental renal cell carcinoma after resection of the renal mass is under discussion for high-risk patients [71] . Still, these attempts must be considered to be highly experimental and may only be applied to selected cases.
Prevention
Immunosuppressive drugs
Despite general acceptance of the concept of immunosuppression and decreased tumor immunosurveillance being responsible for the increased cancer incidence after SOT, the impact of each individual drug is still controversial and open to discussion. In terms of primary cancer prevention, it is almost impossible to recommend which drug to use-or which one to avoid. One would suggest possibly avoiding the use of OKT3 or thymoglobulin for induction therapy, while other T celldepleting induction regimens do not seem to increase the risk of PTLD [20, [28] [29] [30] 32] . Data on the efficacy of mTOR-I, such a rapamycin/sirolimus, in combination with low-dose calcineurin inhibitors in primary cancer prevention are still premature and conflicting, especially in EBV-negative patients [72, 73] . Therefore, the selection of immunosuppression has to be a trade-off between graft rejection (both acute and chronic) and immunosuppression-induced complications (including malignancies).
For secondary prevention (i.e. prevention of recurrent disease) or as immunosuppression during antineoplastic therapy, several authors have suggested changing to an mTOR-I-based immunosuppressive regimen [48, 74] if there is evidence that the mTOR pathway may be activated in this tumor (e.g. PTLD, PTSMT, PT-KS, SCC). Because changing to an mTOR-I based regimen is associated with relevant toxicity [48] , it must be balanced against the expected risks on an individual basis.
Vaccination
Many frequently occurring cancers after SOT are related to viral pathogens, suggesting that vaccination might be an approach to prevent infection with these pathogens and subsequently reduce cancer incidences. Effective vaccination of healthy individuals against HBV (all patients) and HPV (in females) are prototypes of preventative public healthcare programs supporting this idea. However, whether HPV vaccination will succeed in reducing incidences of skin or anogenital cancers after SOT remains to be determined. In stem cell transplant recipients such a mechanism has been suggested [75] . Furthermore, it is controversial whether HPV vaccination should be administered to male patients.
Vaccination against EBV is a very attractive approach to reduce the incidence of EBV-related cancers. However, the development of a protective vaccine remains a long-term vision and is far from being implemented in clinical practice [76] . CMV immunoglobulin given for the prevention of CMV disease was found to be associated with a reduced incidence of PTLD during the first year after transplantation [77] . This effect is not well understood and still awaits confirmation in independent trials.
Treatment of the underlying infection
While treatment of viral hepatitis has proven to provide protective effects on the prevention of hepatocellular carcinoma [78] , and H. pylori eradication may be able to reduce gastric H. pylorirelated cancer [79] , data are less promising for other pathogens: treatment of EBV infection with antiviral drugs does not reduce the incidence of PTLD [77] . HPV infection is only treated locally, there are as yet no recommendations for systemic treatment [80] .
Lifestyle
The impact of lifestyle factors on carcinogenesis has been studied mainly in healthy individuals, but resulting recommendations are likely also to be valid for transplant recipients. Of those, exposure to UV sunlight is probably the most relevant risk factor during childhood [44] . Regular use of sunscreen (SPF >50) has been demonstrated to have a protective effect against SCC and BCC [81] . Moreover, the pediatrician should also advice his adolescent transplant patient about cancer risks associated with smoking and other factors. General risk factors are smoking, adiposities and arterial hypertension for RCC and smoking and alcohol abuse for gastric cancer. Additionally, patients will require information on the prevention of sexually transmitted infections.
Early recognition and screening
Despite diligent strategies of cancer prevention, the immunosuppressed transplant patient carries an increased risk of cancer development. In the absence of evidence-based screening strategies, which have been explored in prospective cohorts, adjusted screening strategies for cancer after transplantation need to be discussed individually.
Laboratory parameters
For early recognition of an increased PTLD risk, routine EBV DNA blood load screening has been advocated. However, neither the level nor the time of EBV-positivity in the blood has a prognostic impact on the occurrence of PTLD [16] . A low number of EBV-specific T cells may be correlated with early PTLD development [82] , but data are currently too limited to draw definitive conclusions.
Several soluble serum proteins have recently been associated with the occurrence of PTLD (sCD30, CXCL13, IL-6 and IL-10) [83] [84] [85] , but their use has not yet found their way into current practice.
Physical examinations
Patients after KTx should be seen by an experienced dermatologist on a routine basis in order that any form of malignant transformation of skin lesions is recognized early. Harwood and colleagues recently suggested skin cancer surveillance for pediatric patients at 5 and 10 years after transplantation, followed by check-ups at 2-year intervals [86] .
Adolescent female transplant recipients should additionally have regular gynecological check-ups with PAP-and HPVscreenings [87] , at the latest after sexual activity has commenced. This is also recommended for patients who received HPV vaccination since the effectiveness of the vaccination is unclear during immunosuppression.
For some special high-risk populations, regular gastroscopies to screen for gastric cancer have been proposed [54] . Although this recommendation is mainly relevant for adult KTx recipients from Japan and Korea, gastroscopy should be considered routinely for patients with unexplained upper bowl complaints.
Moreover, a diligent physical examination should be a routine part of the post-transplant follow-up and has to include regular anogenital examinations in order that premalignant or malignant lesions are recognized early. Ultrasound should include remaining host kidneys because they are frequent locations of RCC, and early detection is associated with better survival [88] .
Summary
Patients after KTx carry an increased risk of cancer development, especially those due to infection-related malignancies. During early post-transplantation care, EBV-associated PTLD is the most frequently occurring malignant complication. Other transplant-associated malignancies are rare and typically arise after several years of follow-up. Some of these have preventable risk factors (e.g. sun exposure, smoking, alcohol), which should be addressed by the pediatric transplant physician during childhood and adolescence.
There is ongoing discussion about optimal recommendations for cancer prevention and surveillance after pediatric KTx, and consensus recommendations are currently not available. The following guidelines should be considered for every patient:
-Consider PTLD in unexplained illness, especially early after transplantation and when the patient was EBV-naïve before transplantation and/or if he/she has reactivated EBV after transplant. -Vaccination for HBV and HPV should be performed according to the recommendations for healthy children. -Lifestyle counseling in regard to risk factors for late cancer development should be part of the posttransplant follow-up routine. -Patients should be encouraged to have regular examinations of skin and anogenital region by dermatologists and gynecologists.
Multiple choice questions (answers are provided following the reference list)
1. Which of the following is true?
a) The spectrum of cancer is the same among pediatric and adult solid organ transplant (SOT) recipients b) Post-transplant lymphoproliferative disease (PTLD)
is the most frequent malignancy after pediatric SOT c) The 5-year incidence rate of PTLD is 5-10 % in pediatric kidney transplant (KTx) recipients d) Gastric cancer is especially high in patients from
Mediterranean countries e) PTLD is the only known Epstein-Barr virus (EBV)-related malignancy 2. Which of the following malignant diseases is not related to infectious pathogens? 
